A partir de observaciones de alta calidad del multiplete V1 de O II estudiamos la densidad y la temperatura de una muestra de nebulosas planetarias. Encontramos que, en general, las densidades que obtenemos a partir de las líneas de O II son similares a las densidades obtenidas a partir de líneas prohibidas. Esto implica que no hay evidencia de condensaciones de alta densidad y baja temperatura para la mayoría de los objetos de nuestra muestra. Las presiones electrónicas encontradas en las zonas calientes son semejantes o ligeramente mayores que las de las zonas frías, sugiriendo la presencia de ondas de choque. Las temperaturas promedio y los valores de t 2 obtenidos a partir de líneas de H, He y O son similares y consistentes con un medio químicamente homogéneo. Estos resultados sugieren que las abundancias obtenidas a partir de las líneas de recombinación son las representativas de estos objetos.
INTRODUCTION
O/H abundance ratios derived from recombination lines of O and H are higher than those derived from the ratio of a collisionally excited line (CL) of oxygen to a recombination line (RL) of H, this effect is called the abundance discrepancy problem, and the ratio of both types of abundances is called the abundance discrepancy factor (ADF). This problem also applies to other heavy elements like C, N, and Ne and is present in H II regions as well as in planetary nebulae.
The two main explanations for the large ADF values found in planetary nebulae are: a) the presence of large temperature variations, larger than those predicted by photoionized models such as CLOUDY (Ferland et al. 2013 ) in a chemically homogeneous medium (e.g., Peimbert & Peimbert 2006, and references therein) , and b) the presence of large temperature variations due to chemical inhomogeneities (e.g., Liu 2006 , and references therein). Both explanations rely on the fact that RLs are inversely proportional to the temperature and in colder regions become brighter relatively to CLs, while CLs increase with temperature and become brighter relatively to RLs in hotter regions. In addition CLs in the visual range of the spectrum are almost non-existent in very cold regions (T e ∼ < 2000 K). In a chemically homogeneous medium I(O,RL)/I(H,RL) is proportional to the O/H ratio and is almost independent of the electron temperature. Alternatively I(O,CL)/I(H,RL) depends strongly on the electron temperature in such a way that, in the presence of temperature variations, the O/H abundances derived from temperature determinations based on CLs, assuming constant temperature, are underestimated giving rise to the presence of an ADF.
In a chemically inhomogeneous medium CLs are expected to originate mainly in regions that are relatively metal-poor, temperature-high and density-low, while the RLs are expected to originate mainly in regions that are relatively metal-rich, temperature-low, and density-high.
There are many heavy element line ratios that can be used to determine the physical characteristics of a photoionized region using CLs (i.e. capable of characterizing the hottest parts of photoionized regions). But until recently there were no heavy element RL ratios capable of determining physical conditions (i.e. capable of characterizing the coldest parts of photoionized regions). It is difficult, but possible, to determine physical conditions using light element RL ratios, this suggests moderate thermal inhomogeneities for H and He, but cannot discriminate between moderate or large thermal inhomogeneities for heavy elements, since, in the presence of chemical inhomogeneities the physical determinations made for H or He would not be applicable to O, N, Ne, or C.
A decade ago Ruiz et al. (2003 and observationally found that the O II V1 multiplet was not in local thermal equilibrium, result that was theoretically confirmed later by Bastin & Storey (2006) . The atomic physics taking into account the density dependence of the level populations of the ground states of the O II V1 multiplet has been computed by Storey (Bastin & Storey 2006; Liu 2012; Fang & Liu 2013) , and is the one used in this paper.
The O II V1 multiplet consists of 8 lines emitted from atoms in the 4 energy levels of the O II 1s 2 2p 2 (3P) 3p configuration that decay to the 3 energy levels of the O II 1s 2 2p 2 (3P) 3s configuration. Since the multiplet is optically thin if one can obtain at least one of the lines coming from each one of the 4 upper levels it is enough to fully characterize the emission from the 8 lines of the multiplet. 2 (3P) 3p1 7/2 λλ 4649. In LTE the intensity of λ(4649) is expected to be 39.7% of the multiplet (Wiese et al. 1996) . When densities are lower than n e ∼ 25000 cm −3 this line becomes weaker dropping to 10% of the multiplet for very low densities. Since O II λ4649 was expected to be the brightest line of the multiplet, and since the lines of the multiplet are all very faint, many studies focused in measuring only the O II λ4649 line; unfortunately, for most photoionized regions, this results in underestimating the oxygen RL abundances by factors of up to 4 if the LTE predictions are adopted .
Recent calculations by Storey (presented by Peimbert 2013, hereafter PP13, and Liu 2013) allow to study the temperature and density dependance of the O II V1 multiplet ratios. These calculations indicate that the individual line intensities are density and temperature dependent, while the sum is only temperature dependent. So far this is the only multiplet where the line by line density dependance has been characterized by both observations and atomic physics calculations.
PP13 studied the relevance of the O II V1 recombination lines for the determination of the physical conditions of H II regions. They considered nine galactic and extragalactic H II regions with high quality line intensity observations. They found that, for these objects, the densities derived from CLs (i.e. the densities in the hotter zones of the nebulae) are higher than the densities derived from RLs (i.e. the densities in the colder zones); this, together with an analysis of the temperature structure derived from H, He, and O, shows that high metallicity inclusions do not contribute much to the observed ADFs in HII regions; it also suggests that shockwaves do contribute importantly to the ADF presence.
We decided to carry out a similar study to that of PP13 based on the best observed planetary nebulae trying to find out if these objects are chemically homogeneous or not. And in general to study which physical processes are important as sources of thermal inhomogeneities in ionized nebulae.
THE SAMPLE
We selected 20 PNe from the literature with high quality spectra, both in terms of resolution and signal to noise ratio. The objective was to look for objects where enough lines of the O II V1 multiplet were measured with high signal to noise ratio to properly characterize the whole multiplet, i.e., at least one line from each of the four upper levels that produce this multiplet. The objects with the best O II intensity measurements available from the literature produce two selection effects on our sample: a) Wesson, Liu and collaborators were interested in PNe with high ADF values (8 objects), and b) García-Rojas and collaborators were interested in PNe with [WC] central stars or with weak emission line central stars (11 objects).
These two biases imply that the sample presented in this paper may not be representative of the total family of PNe, in the sense that the average ADF value for a more general sample could be smaller than for this sample. To advance further in this subject, it would be important to obtain additional observations of similar or higher quality than those used in this paper.
There are other line ratios of O II recombination lines that can be used to determine densities and temperatures, see Fang & Liu (2013) . Unfortunately, one or both of the lines involved are at least one order of magnitude fainter than the V1 lines, and therefore the measured line intensities present larger errors. In addition at that level of intensity and with the spectral resolutions available it is not possible to separate the contribution due to other weaker lines that could be contributing to the measured line intensities.
PHYSICAL CONDITIONS

Temperature determinations based on O II recombination lines
Based on the atomic data for case B by Storey (1994) ; Storey & Zeippen (2000) ; Storey et al. (2014) we find that
We will call T e (V1/F1) the temperature derived from equation (1). These temperatures are presented in Table 2 .
Equation (1) is density independent because the sum of the intensities of the eight lines of multiplet V1 is density independent. Moreover, equation (1) is different to equation (6) in PP13 for two reasons: a) should have been T e −0.415 /10000 K. The nebular lines have a much weaker temperature dependence than the auroral lines; the V1 multiplet temperature dependence is approximately equally strong to that of the nebular lines, but biased towards colder temperatures. Therefore, in the presence of temperature inhomogeneities, T e (V1/F1) will represent better the cold zones of the nebulae than the normal auroral versus nebular temperatures, so we will use T e (V1/F1) to represent them.
Density determinations based on O II
recombination lines It is possible to determine densities using only lines from the O II V1 multiplet (Ruiz et al. 2003) . Pe 1-1 8550±135 17400
From Figure 3 of PP13, that is based on the unpublished computations by Storey (Bastin & Storey 2006; Liu 2012; Fang & Liu 2013) , and the I(4649)/I(4639+51+62) ratio presented in Table 1 , we have computed the n e (O II) values presented in Table 2 . For those objects where this ratio is equal or higher than 1.15, and the error is greater than 10% (Cn1-5, Hu 2-1, M 1-61, and Pe 1-1), the derived densities are very uncertain, with no real restriction in the upper limit. For all the other objects, this determination requires a temperature to uniquely derive the density. Since RLs are brighter in the cold zones of photoionized regions, a colder temperature than the one derived from nebular versus auroral lines is required. For the chemically homogeneous model the correct temperature to use can be approximated by T e (V1/F1). In the presence of high-metallicity, dense clumps a lower temperature should be used; with lower temperatures the derived densities will also be lower (see Figure 3 of PP13) by approximately n e ∝ T e 2/3 . We will discuss the implications of this result in §4. λ4711/λ4740. This assumption is reasonable since in the other 16 PNe where all the diagnostic ratios are available, the agreement between the average density and the one obtained from chlorine lines is better than ∼30 %.
Temperature and densities based on collisionally excited lines
All the calculations have been performed with the software PyNeb (Luridiana et al. 2012 ) and the uncertainties associated with the physical conditions have been computed through Montecarlo simulations. We adopted the transitions probabilities and the collision strengths from Mendoza & Zeippen (1982b) and Ramsbottom & Bell (1997) for Ar +3 , Mendoza & Zeippen (1982a) and Butler & Zeippen (1989) for Cl ++ , Storey & Zeippen (2000) and Storey et al. (2014) for O ++ , Wiese et al. (1996) and Kisielius et al. (2009) for O + , and Zeippen (1982) and Tayal & Zatsarinny (2010) for S + . Table 3 shows the final temperatures and densities derived for each nebula. The differences between our values and those provided in the papers listed in Table 1 are about 3% for the T e 's and about 15% for the n e 's, with a few exceptions showing higher differences. The differences are caused by the different sets of atomic data used in the calculations. Figure 1 shows the ratio of n e (O II) to n e ([Cl III]) values as a function of the ADF(O ++ ), given by
DENSITIES AND ADFs
The values of O ++ /H + from RLs were directly taken from the V1 multiplet abundances presented in the papers listed in 0.21
The ADF is present in all the objects of our sample. The ADF range goes from 1.42 (Hu 1-1) to 9.67 (NGC 6153), being the average value 2.74. If we eliminate the two objects with the highest ADF value, the range of the other 18 goes from 1.42 to 3.65 with an average value of 2.23. The average value would be probably smaller for a typical sample of PNe, because part of our sample is biased towards objects with high ADF values.
Two sets of models have been proposed to explain the ADF values: chemically inhomogeneous models and chemically homogeneous ones.
Chemically inhomogeneous models consist of pockets of high density and low temperature embedded in a medium of lower density and higher temperature. In these models most of the mass is located in the medium of lower density and higher temperature and consequently the proper abundances for heavy elements are those obtained from the intensity ratios of forbidden lines to hydrogen recombination lines.
A chemically homogeneous model requires the consideration of additional physical processes, to those given by direct ionization from the central star, to explain the observed ADF values. Four of these processes are: shocks, magnetic reconnection, shadowed ionization, and a receding ionization front.
In the presence of large temperature variations the ratio of a collisionally excited line to a recombination line depends strongly on the temperature. In the presence of temperature inhomogeneities when the temperature is derived from the ratio of two collisionally excited lines the abundances of the heavy elements derived from the ratio of a collisionally excited line to a hydrogen line are lower limits to the real abundance ratio (Peimbert 1967; Peimbert & Costero 1969) .
On the other hand the recombination lines of the heavy elements and of hydrogen depend weakly on the electron temperature, they are inversely proportional to the temperature and to a very good approximation the intensity ratios of two recombination lines are almost independent of the average temperature as well as of the presence of temperature inhomogeneities. Therefore in models with temperature inhomogeneities the proper abundances are those provided by recombination lines of the heavy elements to those of hydrogen.
From Tables 2 and 3 and Figure 1 it follows that six objects have n e ([Cl III]) higher than the n e (O II) values and 11 objects have n e ([Cl III]) values that are consistent with the n e (O II) values; the three other objects, Cn 1-5, Hu 2-1, and NGC 6153, are not compatible with density equilibrium but are consistent with pressure equilibrium. However, it can not been rule out at one sigma level that four objects (Cn 1-5, Hu 2-1, M 1-61, Pe 1-1) may have significantly low n e ([Cl III])/n e (O II) ratios.
The minimum temperature that we are adopting for the n e (O II) determinations is 5500 K. In the chemical inhomogeneous model the temperature of the cold zones is expected to be much lower than this. The chemically inhomogeneous models are expected to be able to reproduce the observed V1/F1 ratio by having a much lower temperature in the cold zone. If the temperatures were lower than those adopted in this paper, the measured n e (O II) value would decrease even further. This is not compatible with the inhomogeneous models that usually require the densities of the cold zones to be at least one order of magnitude higher than those of the hot zones.
The other interesting point that follows from Figure 1 
TEMPERATURE STRUCTURE
The T e ([O III])/T e (V1/F1) ratio varies in the 1.09 to 1.58 range with an average value of 1.28, the most extreme object is NGC 6153.
We decided to follow the formalism introduced by Peimbert (1967) to determine the basic parameters of the temperature structure, T 0 (O ++ ) and t 2 (O ++ ), where
and 
and
Using equations (6) and (7), along with the temperatures presented in Tables 2 and 3 , we have derived the T 0 (O ++ ) and t 2 (O ++ ) values presented in Table  5 . Figure 2 shows the comparison between the temperatures of the hot zones, T e ([O III]), and the temperatures of the cold zones, T e (V1/F1). We overplot in the figure five sequences of equal t 2 . This figure is based on the assumption that the chemical composition of each PNe of our sample is homogeneous. From this figure we find t 2 (O ++ ) values in the 0.024 to 0.128 range, range that is similar to the one obtained from galactic and extragalactic H II regions by Peimbert et al. (2012) Table 5 .
For the 12 PNe of our sample with t 2 (He I/CL) values in the literature (those observed by García-Rojas et al. 2009 , 2012 and Ruiz et al. 2003 , the average t 2 (He I/CL) amounts to 0.042, in very good agreement with the average t 2 (O ++ ) that amounts to 0.045. This result supports the idea that O and He are well mixed in these objects.
THE ROLE OF PRESSURE
Physically, it is more meaningful to study the pressure ratio than the density ratio between the hot and cold zones in nebulae, therefore we will proceed to determine the pressure ratio.
As in PP13, the electron pressures were derived through the ideal gas equation, P e = n e kT e . The pressures of the cold zones, P e (cz), were obtained with T e (V1/F1) and n e (O II), whereas the pressures of the hot zones, P e (hz), were obtained with (6) and (7). The four triangles are the objects where we cannot discard the presence of chemical inhomogeneities (see Figure 1) . Table 3 lists the ratio between both pressures for each nebula.
T e ([O III]) and n e ([Cl III]). The last column in
In the model with chemical inhomogeneities the predicted high density pockets of low temperature are expected to reach pressure equilibrium with the low density medium of high temperature. We find that in most of the objects P e (hz) is higher than P e (cz). This excess has two implications: a) that probably it is due to the presence of shock waves, where we expect an increase of the temperature and the density, and b) that the low densities found in the cold zones would require a very large fraction of the O ++ in the cold zones to reproduce the observed recombination line intensities, contrary to the predictions of the chemical inhomogeneous models.
Figures 3-5 show the ratio of P e (hz) to P e (cz) values as a function of n e ([Cl III]), ADF(O ++ ), and O ++ /H + derived from RLs. For comparison we include the eight Galactic H II regions studied in PP13 García-Rojas et al. 2004 , 2006 , 2007 .
From Figure 3 we see that nebulae with n e ([Cl III]) ∼ > 3200 cm −3 show the largest departures from pressure equilibrium, while the objects with a relatively low density seem to be closer to pressure equilibrium than those with higher densities. A similar result was found for H II regions by PP13. As in H II regions, this result can be related to age of the nebulae.
The three PNe with the highest t 2 values are NGC 6879, Hu 2-1, and NGC 6153. The first one is the PN with the highest pressure ratio, in Hu 2-1 we can not rule out the presence of high density and low temperature regions, and NGC 6153 shows pressure equilibrium. This indicates that there is no obvious correlation between temperature fluctuations and pressure equilibrium. This is also shown in Figure 5 , where the pressure ratios and the ADF show no clear relation. In particular, the PN with the highest ADF, NGC 6153, presents similar pressures in the the hot and the cold zones.
The studied PNe and H II regions cover a wide range in 12 + log(O ++ /H + ), from ∼8.08 (S311) to 9.61 (NGC 6153). There is no corelation between the pressure ratios and the O ++ abundances.
The C/O and N/O abundance ratios reflect the effect of nucleosynthesis mechanisms in the progenitor stars of PNe, the asymptotic giant branch stars (AGB). Theoretical models by Karakas (2010) predict an increase of the nitrogen abundance in the most massive AGB stars, above ∼4 M ⊙ for a metallicity of Z = 0.02, as a consequence of the second dredge up. These models predict that the carbon abundance is not altered in the less massive progenitors with M < 2.5M ⊙ , increases in stars with M ∼ > 2.5M ⊙ due to the third dredge up, and may decrease in stars with M ∼ > 4M ⊙ due to the hot bottom burning process. In Figures 6 and 7 we studied possible correlations between pressure ratios and these abundance ratios.
The C/O abundance ratios were computed from RLs. The ionic abundances of C ++ , shown in Table 6, were directly taken from the papers listed in Table 1 . In those PNe where no uncertainties are provided by the authors we assume a one sigma error of ±0.04 dex for the determination of C ++ /H + . To calculate the total C/O abundance ratios, we use the ICFs and the associated uncertainties from Delgado-Inglada et al. (2014) , shown in column (4) of Table 6 .
Using CLs and the physical conditions given in Table 3 values of N/O have been derived with the ICFs by Delgado-Inglada et al. (2014) . Columns 2, 4, and 6 in Table 7 list the ionic and total abundances derived from CLs and t 2 = 0, whereas columns 3, 5, and 7 show the values for t 2 = 0.
Figures 6 and 7 show that there is no obvious trend between the pressure ratios and the C/O or N/O abundance ratios. According to Peimbert (1990) Peimbert (1990) .
HIGH DENSITY OBJECTS
There are four objects where we can not rule out the presence of high density low temperature regions, they are Cn 1-5, Hu 2-1, M 1-61 and Pe 1-1. Three of these objects, Hu 2-1, M1-61 and Pe 1-1, are of relatively high density, where our method to derive n e (O II) is not very sensitive and presents large errors because it saturates at high densities (see Figure 3 of PP13). Cn 1-5 is of relatively low density and it is possible to increase the accuracy of the n e (O II) determination with additional observations. Of these four objects only one, Hu 2-1 has a high ADF of 5.05. Alternatively, the other three have relatively low ADF values: 2.08 for Cn 1-5, 1.80 for M 1-61, and 1.81 for Pe 1-1. These values are smaller than the ADF average of the other sixteen objects that amounts to 2.75, and we consider unlikely the presence of high density knots of low temperature in these three objects. The densities and temperatures derived from the recombination lines of O II rule out the models with densities of 2 × 10 6 cm −3 , and also the models with H depleted material with temperatures of about 500 K discussed by Liu et al. (2000) .
Moreover, Péquignot et al. (2002) have presented a two phase photoionization model for this object where component one, C1, has a T e ∼10 3 K and an n e ∼ 4 × 10 4 cm −3 and component two, C2, has a T e ∼ 6 × 10 3 K and an n e ∼ 5 × 10 3 cm −3 , the gas pressures in C1 and C2 are generally found within a factor of two of each other approximately in pressure equilibrium, the O II temperatures and densities derived by us for NGC 6153 from observations, see Table 2 , are in disagreement with this model and therefore rule it out.
Similarly Yuan et al. (2011) present a 2 phase model for NGC 6153 that approximately represents many of the observed lines. In this model the emission of the O II lines comes mostly from metal rich inclusions with T e = 815 K and n e = 6680 cm −3 . While this model does a reasonable job at reproducing most of the observed line intensities, it fails to reproduce the observed I(4649)/I(VI) ratio: a) the ratio for the model presented in the paper is 0.400, the high density limit (probably the model does not include the non-LTE atomic physics required by these densities); b) even if it were considered, the expected line intensity ratio I(4649)/I(4638+51+61) = 1.189 for the sum of the components of the bi-abundance model, while the observed ratios by (Liu et al. 2000 ) is 1.058 (Liu et al do not present errors, but by studying other faint line with known intensity ratios, we estimate the error in this ratio to be approximately 4.5%). The electron density required to produce this line ratio, at 815 K, is n e = 2200 +600 −400 cm −3 .
A necessary modification to Yuan et al. (2011) model, to maintain their abundances and temperatures, is to consider metal rich inclusions 3 times less dense and 3 times more massive. This model would have the capacity to reproduce the observed O II V1 as well as the observed [O III] lines. In this model, most of the oxygen would be on the metal rich inclusions. However the observed intensity of O II λ4649 has two unfortunate consequences for this model: a) the electron density of the metal rich inclusions would be lower than the one from the ambient medium and b) the pressure of the metal rich inclusions would be about a factor of 20 lower than the one of the ambient medium; it is difficult to imagine a scenario that would allow such inclusions to be formed and to survive without being mixed or compressed by the ambient medium.
Overall, a bi-abundance scenario where the abundance of the cold metal rich inclusions have high density is ruled out by the observed OII V1 line ratios, and a scenario where the cold metal rich inclusions have low density has to be thought carefully before being considered.
This discussion could be extended for most objects of our sample (at least 16). Difficulties with bi-abundance models will be larger for objects where the measured n e (O II) is smaller than the n e ([Cl III]).
CONCLUSIONS
We have studied a sample of 20 PNe that have been observed with high spectral resolution and high quality line intensity determinations. The main conclusions of our work follow. 1) We have found that the determination of the n e (O II) values is a very important tool to test the existence of objects with metal-rich inclusions embedded in a lower density medium.
2) In sixteen of the objects the O II lines originate in low density regions, or in other words they do not have high density clumps producing most of the O II line intensities.
3) For four objects of the sample, Cn 1-5, Hu 2-1, M 1-61, and Pe 1-1, the I(4649)/I(4639+51+62) ratio error bars reach the high density limit and therefore, we were not able to obtain reliable values of the densities where the O II lines originate.
4) There are two results that indicate that in the PNe of the sample H, He and O are well mixed: a) For a subsample of 19 objects the average T e (V1/F1) amounts to 7610 K, similar to the average T e (Bac/Pac) that amounts to 8030 K. b) For a subsample of 12 objects the average t 2 (O ++ ) amounts to 0.045, similar to the average t 2 (He + /CL) that amounts to 0.042.
5) The observed t 2 (O ++ ) values, that are in the 0.024 to 0.128 range, are considerably higher than the predicted t 2 (O ++ ) values by photoionization models, that are lower than 0.012. This result implies that in addition to photoionization other sources of energy are needed to explain the observed t 2 (O ++ ) values. For the objects where the pressure from CLs is higher than the pressure from RLs, we suggest that shock waves could be the main cause for the high t 2 (O ++ ) observed values. 6) For many PNe of low density we find P e (CLs)/P e (RLs) closer to 1 than in PNe of high density, a similar result is found in H II regions. Presumably the PNe and H II regions with lower densities are older and presumably the effect of shocks becomes smaller as a function of time.
7) For most of the PNe of our sample we find that the n e (O II) values are similar than the n e ([Cl III]) ones. In addition we find that the volume where the bulk of the O II RLs originate is similar than the volume where the bulk of the [O III] lines originate. These two results are contrary to the models that postulate the presence of pockets of high density and low temperature embedded in a medium of lower density and higher temperature.
8) Based on the I(4649)/I(4639+51+61) ratio of multiplet V1 of O II (see Figure 3 of PP13) we find that the use of lower temperatures than the ones adopted in this paper for the O II zone implies lower n e (O II) values than the ones presented in Table 2 . This would strengthen conclusion 7.
